We report on cases of anatomical popliteal artery entrapment syndrome (PAES) caused by an aberrant plantaris muscle and highlight the involvement of this muscle in PAES. Materials and Methods: Seven symptomatic PAES legs in six patients treated at The Division of Vascular Surgery, Asan Medical Center, Seoul, Korea, between 1995 and 2011 were included in this study. We retrospectively analyzed patient records, magnetic resonance imaging (MRI) and/or computed tomography (CT) scans of the knee joint, Doppler pressure studies, CT angiographies, and conventional femoral arteriographies. Results: Five males and one female patient with a median age of 32 (18-53) years old were enrolled in the study. All patients complained of intermittent claudication of the affected leg. All aberrant plantaris muscles were higher and more medially located than normal plantaris muscles, causing occlusion of the popliteal artery upon forced plantar flexion of the ankle. For arterial lesions, five occlusions of the popliteal artery and two patent popliteal arteries with positive provocation were noted. As for treatment, myotomy of the aberrant plantaris muscle was done for two non-occlusive PAES legs. For occlusive PAES legs, one thrombectomy, one saphenous vein graft interposition of the popliteal artery followed by myotomy, and two below-knee femoro-popliteal bypasses were performed. The median follow-up period was 88 (7-148) months. Conclusion: An aberrant plantaris muscle can cause anatomical PAES. Classification or diagnosis of PAES should be based on axial studies using CT scans or MRI using various reconstruction methods. Treatment, including myotomy of the plantaris muscle, should be individualized. 
INTRODUCTION
Traditionally, anatomical popliteal artery entrapment syndrome (PAES) was explained and classified according to the relationship between the medial head of the gastrocnemius muscle and the popliteal artery. With magnetic resonance imaging (MRI) and computed tomography (CT) scans of the knee joint, a more detailed anatomy of the Anatomical Popliteal Artery Entrapment Syndrome Caused by an Aberrant Plantaris Muscle arteriographies of the lower extremity were used to evaluate the arterial lesions. Plantar flexion of the ankle was produced during the Doppler pressure study, the duplex scan, and the conventional angiographic study to induce joint is now available, which highlights the mechanisms of popliteal artery entrapment [1] [2] [3] [4] [5] [6] . This has allowed for anomalies such as those affecting the lateral head of the gastrocnemius muscle to be identified as causes of PAES [3, 4] .
Recently, we experienced a case of treatment failure in a patient who received a thrombectomy and autologus saphenous vein patch closure via posterior approach for an occluded popliteal artery; recurrent thrombosis occurred during the follow-up period and an aberrant plantaris muscle was observed in the CT scan.
Upon re-analyzing anatomical PAES cases not related to anomalies in the medial head of the gastrocnemius, we came across more cases of PAES related to an aberrant plantaris muscle, which we report in this study.
MATERIALS AND METHODS
We retrospectively analyzed 35 PAES legs of 23 patients treated at The Division of Vascular Surgery, Asan Medical Center, Seoul, Korea, between 1995 and 2011. By Rich's et al. [7] classification, type II anomaly, type III anomaly and aberrant plantaris muscle were noted in 51.4% (18/35), 20% (7/35) and 28.6% (10/35), while no cases of type I or type IV anomaly were found in our series. Among these symptomatic and asymptomatic PAES legs, 6 patients (7 legs) affected by symptomatic PAES caused by an aberrant plantaris muscle were included in this study. MRI and/or CT scans of the knee joint were used to diagnose PAES and evaluate musculotendinous anomalies around the popliteal artery. Doppler pressure studies (Doppler ankle-brachial index), CT angiographies, or conventional transfemoral When the popliteal artery is patent, we take an arteriogram with application of plantar flexion of the foot routinely and classified the artery as provocation positive or negative.
symptoms or occlusion of the popliteal artery in cases where no arterial occlusion was found upon examination, despite suspicions of PAES. Patient records, MRI and/or CT scans of the knee joint, Doppler pressure studies, and CT or conventional transfemoral arteriographies of the lower extremity were completely reviewed. We classified gastrocnemius muscle anomalies according to a study by Rich et al. [7] . Arterial pathology was classified as segmental occlusion, segmental occlusion with distal extension (diffuse), and patent popliteal artery but tibial artery occlusion by distal embolization for occlusive lesions (Fig. 1) . For non-occlusive lesions, the arterial pathology was classified as provocation positive or negative (Fig. 2) . Follow-up was done on all patients in an outpatient department and/or by telephone. (Table 1) Five males and one female patient with a median age of 32 (18-53) years old were included in the study. All patients were physically active and all complained of intermittent claudication of the affected leg. Symptomatic bilaterality was noted in one patient. Symptoms appeared insidiously and repeatedly, but all patients visited the hospital after the symptoms worsened with a median duration of 6 (1-36) months. There were no demonstrable causes for these symptoms except in the case of the female patient who had been taking steroids for 6 months to treat systemic lupus er ythematosis (SLE). In this case, we believe hypercoagulability, which was confirmed by positive antiphospholipid antibody, may have been the cause of the popliteal artery occlusion. Upon physical examination of both legs in one of the patients, we observed the typical disappearance of palpable tibial pulses during forced plantar flexion of the foot. For the other patients, the popliteal arteries were already occluded so the tibial pulses were not palpable. All patients were active smokers, except one. There were no other atherosclerotic risk factors to report.
RESULTS

1) Patient characteristics
2) Diagnosis of the aberrant plantaris muscle
MRIs of the knee joint ( Fig. 3) were performed in four patients who showed typical symptoms of PAES. CT scans of the knee joint were obtained for two of these four patients during CT arteriography of the lower extremity (Fig.  4) . No differences were observed between the CT scans and MRIs of the knee joint in these two patients (Fig. 5 ). For the remaining two patients, who complained of acute leg pain during CT arteriography on the lower extremity, we only Table 1 obtained a CT scan of the knee joint. All aberrant plantaris muscles were higher and more medially located than the normal plantaris muscle, and they ran along or across the popliteal artery in the upper portion of the popliteal fossa. This can cause occlusion of the popliteal artery during forced plantar flexion of the ankle. These findings were confirmed during surgery (Fig. 6 ).
3) Arteriography and arterial pathology performed in four patients who showed typical symptoms of PAES. For one patient with bilateral PAES, we performed the provocation study during transfemoral arteriography of the lower extremity, which showed a patent popliteal artery at rest but occlusion of the popliteal artery during plantar flexion of the foot (Fig. 2A) . This finding was confirmed by passive plantar flexion of the foot during the operation. One of the objectives in performing the arteriography was to evaluate the asymptomatic contralateral leg upon provocation. For patients with unilateral PAES, we observed occlusion of the popliteal artery in the affected leg, but the provocation study was negative on asymptomatic contralateral legs (Fig. 2B) . CT arteriography of the lower extremity was obtained for two out of these four patients. We observed no differences in the findings between the CT and transfemoral arteriographies of the lower extremity in these two patients. The remaining two patients, who complained of acute leg pain, only received a CT arteriography of the lower extremity. Arteriography findings for all four patients showed segmental occlusion of the popliteal artery (Fig. 1A) as the most common pattern.
4) Treatment
Surgery was performed on six PAES legs in five patients and conservative treatment was recommended for one patient. The popliteal artery was explored posteriorly in four legs, including two patent and two arteries segmentally occluded by acute thrombosis. In field, by repeating dorsi-flexion and plantar-flexion of the ankle passively, we could easily find the muscle compressing the artery. Myotomy of the aberrant plantaris muscle at the origin was performed in two non-occlusive PAES legs (in one patient). Thrombectomy and saphenous vein graft interposition of the popliteal artery followed by myotomy of the aberrant plantaris muscle were performed, respectively, in the other two patients. Two below-knee femoro-popliteal bypasses using a reversed saphenous vein graft via a medial approach were carried out on two segmentally occluded popliteal arteries. In these two cases, we did not explore the plantaris or medial head of the gastrocnemius muscle at the knee, but placed the graft in the subcutaneous layer. Conservative treatment was conducted in one patient with a diffusely occluded popliteal artery.
5) Treatment results and follow-up
Myotomy in PAES legs showed excellent results. The symptoms disappeared after the operation and no symptoms were noted within a 141 month follow-up period. As for direct repair of the occluded popliteal artery, graft interposition followed by myotomy showed excellent results with a patent graft over a 103 month follow-up period. On the other hand, thrombectomy with a saphenous vein patch angioplasty showed re-occlusion of the popliteal arter y within 3 months of the operation in spite of anticoagulation therapy (Fig. 7) . In this case, the patient's blood tested positive for lupus antigen and SLE, so we believe that hypercoagulability was the cause of occlusion of the popliteal artery. Regarding bypass surgery, the results were not promising. Both grafts became occluded within 3 months and 38 months of the operation, with a median follow-up period of 88 (7-148) months.
DISCUSSION
PAES has been classified into various types according to the abnormal relationship between the medial head of the gastrocnemius muscle and the popliteal artery in the popliteal fossa8. A deeper understanding of developmental embr yolog y and the mechanisms of how to impinge the popliteal artery have allowed the classification to be modified [7] [8] [9] . The most widely accepted classification was made by Whelan and modified by Rich, and divides PAES into six types [7] . However, MRI or CT scans of knee joints have provided a more precise anatomy of the knee and Fig. 6 . Operative finding of the aberrant plantaris muscle (black arrow) in left leg. This muscle is almost vestigial in man but aberrant plantaris muscle is higher and more medial ly located than the normal plantaris muscle, and runs along or across the popliteal artery in the upper portion of the popliteal fossa. This can cause occlusion of the popliteal artery during forced plantar flexion of the ankle. Lat.: lateral head of the gastrocnemius muscle, Med.: medial head of the gastrocnemius muscle.
explained the mechanisms of popliteal artery entrapment, and so new types of PAES, such as anomalies of the lateral head of the gastrocnemius muscle, have also been introduced as a cause of PAES [3, 4] .
The plantaris muscle belongs to a superficial group of posterior crural muscles and plays a role in plantar flexion of the ankle. However, this muscle is almost vestigial and presumed to act in combination with the gastrocnemius in humans, while it is well developed in many mammals. It has been reported to be aberrant in approximately 10% of cases [5, 10, 11] . When the plantaris muscle develops abnormally, it can entrap the popliteal artery during contraction, which occurs during plantar flexion of the ankle1 [12] [13] [14] [15] . In our study, all aberrant plantaris muscles were higher and more medially located than the normal plantaris muscle, and ran along or across the popliteal artery in the upper portion of the popliteal fossa. Here, they caused occlusion of the popliteal artery during forced plantar flexion of the ankle. It was proven in one of our series (Fig. 6) .
As for arterial pathology, the pathogenesis has been explained as a repeated compression of the popliteal artery leading to mechanical damage of the vessel wall, which may present as normal, occlusion, aneurysm, thrombosis, and distal embolization [16] [17] [18] [19] . We could not determine how the arterial pathology developed, although thrombotic occlusion was believed to be the cause based on our operative findings, but we could classify the arterial lesion as segmental occlusion, segmental occlusion with distal extension, and distal embolization without popliteal artery occlusion for occlusive lesions, and provocation positive or negative for patent arteries. In our study, occlusion of the popliteal artery (5/7) was more common than a patent popliteal artery, and in five cases of arterial occlusion, segmental occlusion of the popliteal artery was the most common pattern.
As for the surgical approach, we routinely used a posterior approach for myotomy as recommended in several studies [16, 18, 19] . It was useful to identify muscle anomalies and abnormal relationships between the popliteal artery and the gastrocnemius or any other muscles including the plantaris muscle.
Regarding occlusive arterial lesions, we performed surgery to treat segmental occlusion of the popliteal artery, while conducting conservative treatment in the case of diffuse arterial occlusion. Bypass surgery using a reversed saphenous vein graft has been reported to yield good results with long-term patency [1, 8, 16, 17, 19] . However, in our case, the results of bypass surgery were not as promising as we expected. Bypass might have shown good results if the arterial occlusion was not caused by atherosclerosis, but the reason for this poor result is uncertain. Both grafts used for the femoro-popliteal bypass became occluded soon after surgery, while interposition of the popliteal artery followed by myotomy of the plantaris muscle via a posterior approach was still patent. When direct repair of the popliteal artery is performed via a posterior approach, myotomy of the anatomically deranged muscle should follow. In the case of the patient who underwent a thrombectomy with autologous saphenous vein patch closure without myotomy of the plantaris muscle, as we didn't have a concept of aberrant plantaris muscle at the time, we observed re-occlusion of the popliteal artery following the same pattern as the original lesion within 3 months of the operation, even though adequate anticoagulation therapy with warfarin had been administered. Additional myotomy wasn't performed as the patient refused a second operation.
CONCLUSION
An aberrant plantaris muscle can cause PAES and it is more common than we thought. Therefore, classification or diagnosis of PAES should be based on image studies using CT scan or MRI with various reconstruction methods. We believe this to be a more practical approach than the previous classification based on embryology and operative findings. In addition, treatment should be individualized, including myotomy of the plantaris muscle.
